This work examines the nature of north-south clinal variation in morphological characters in Drosophila melanogaster. Isofemale lines were established from flies collected along a transect extending from Winnipeg, Manitoba (Canada) to Tampa Bay, Florida (U.S.A.). Offspring from different lines within each location were then cultured under standardized conditions and used to examine phenotypic variation in seven morphological characters along the dine. In addition, allozyme variation at seven polymorphic loci was examined for the same set of clinal populations. Scutellum length and wing length show the strongest clinal trends. Clinal variation is nonmonotomc, with larger flies in the middle latitudes and smaller flies in the north and south. This result contrasts with other studies which have shown monotonic dines. Patterns of population subdivision were different for the different characters. This implies that there are different selective forces acting on the different morphological characters. Based on a comparison of morphological and molecular population subdivision for adjacent populations it is inferred that natural selection is operating to maintain a high level of population subdivision for wing width and the first principal component between one of the sets of populations. A combined approach using molecules and morphology may provide an alternative to retrospective selection analysis for detecting selection in nature.
Introduction
Attempts to measure selection in the wild on quantitative traits have relied primarily on two methods. The first uses the retrospective selection equation popularized by Lande (1979) to estimate a vector of selection coefficients on a set of quantitative traits if the genetic variance/covariance matrix for the traits and a vector corresponding to the net change in each character between two populations are known. Tureffi (1988) showed that this method has several weaknesses. It assumes, for example, that the genetic variance! covariance matrix is constant over both time and space, and is estimated without error. In addition, if the environments in which the characters from the two populations are measured are not identical the differences between populations could be entirely environmentally determined (Falconer, 1981; Gupta & Lewontin, 1982; James, 1983) . The second method estimates selection directly on a set of characters by regressing some measure of 'fitness' on the phenotype of each individual and estimating both the linear and quadratic partial regression coefficients, which correspond to the directional and stabilizing selection operating on each character (Lande & Arnold, 1983) . The major disadvantages of this method with respect to the study of spatial variation are that the measure of selection is only as good as the measure of fitness, which is difficult to measure, and that selection is measured over a single generation so that it may not be applicable to measuring selection acting over space or longer time periods than a few generations (Price et al., 1984) .
Another technique that has been used in the past to infer qualitatively the patterns of natural selection acting on morphological characters over space is the study of geographical or clinal variation (for review see Endler, 1977; Reyment et al., 1984) . Presumably, a trend seen over a transect, or multiple independent transects, is the result of some underlying environmental selective agent. It follows that studies of clinal variation in characters of likely adaptive importance, such as morphological, physiological, behavioural and life history traits, can provide insight as to how organisms adapt to their environment. A large number of studies have examined geographical variation in morphological characters in laboratory-reared dipterans. This is possible because of the wide distribution, ease of collection, and relative ease of laboratory rearing of many dipteran species. It appears that a great deal of local differentiation is possible even for species with a relatively high dispersal rate such as Drosophila melanogaster (Coyne & Milstead, 1987; . It also appears that north-south (N-S) cinal variation is a general phenomenon in many of the dipterans studied.
Although populations of Drosophila have been studied extensively with the objective of estimating levels of gene flow between populations (for reviews see David & Capy, 1988; Lachaise et al., 1988; Singh, 1989; Singh & Long, 1992 ) only a few studies have combined estimates of gene flow and morphological character differences to understand the nature of selection acting on morphological traits (Prout & Barker, 1993; Spitze, 1993) . The test of Prout & Barker (P-B test) is in many ways similar to the earlier Lewontin-Krakauer test (1973) , but it avoids the phylogenetic pitfall pointed out by Robertson (1975) by averaging over loci in estimating character and allozyme population subdivision. A problem still exists with the P-B test though. Hidden biases, such as the choice of allozyme loci used for analysis, may result in a difference between morphological and allozyme population subdivision that is not because of the action of natural selection. Here we propose a new test which is similar to the P-B test but is extended to multiple 
Materials and methods

Experimental design and character measurements
In the late summer of 1988, adult Drosophila melanogaster females were collected in traps baited with fermenting bananas and were used to establish isofemale lines. The flies were collected at approximately 500 kilometre intervals along a N-S transect that skirted west of the Appalachian mountains. At each location traps were, whenever possible, placed at least a kilometre apart to avoid sampling only the descendants of a few females that may have recently colonized a local food source (Hoffmann & Neilsen, 1985) . Details of the collection sites are given in Table  1 (Chatfield & Collins, 1980) . The first principal component can be considered to be a measure of general body size as all component loadings were large and positive on this component (Long, 1991 
Data analysis
Alog tranformation of the raw data was deemed necessary as the variances of the traits under consideration were a function of their means and the data appeared to be distributed in a log normal fashion. A suitable log transformation is X' =In (X + a/b), where X is a value of a dependent variable in raw units, X' is the value of the same variable in transformed units, and a and b (47.31 and 0.024, respectively) are the intercept and regression coefficient of a regression of character standard deviations on character means over characters (Falconer, 1981) . The natural logarithm will transform the variables to an additive scale, the constants will decouple the relationship between the mean and variance of the characters. All further analyses were carried out on data transformed in this manner with flies subsequently removed that had a character measure more than four standard deviations from the mean for that character. At this point the data appeared to be normally distributed based on a visual examination of normal probability plots for each character combination. Data were analysed for each character using the GLM (general linear model) procedure of SAS with the model = + Loc1 + Line,() + Ek(,1), where ,jk is the score for the kth individual in the 1thline in the th location, parentheses represent a nesting and all effects are treated as random. In addition, the regression model Y, = .t + Lat1 + Lat + e, where Y,1 is the mean score for the jth line at the ith latitude, was fitted to the data. Using line means avoids lines with a large number of individuals having a large effect on the regression.
Sums of squares were used to estimate the proportion of the total variation due to location attributable to the linear and quadratic trends over latitude, and the significances of the linear and quadratic terms were assessed by F-tests, using the residual (lack of fit) term from the regression as a denominator.
Genetic parameter estimation
The experimental design of this study allows the estimation of the genetic variance between locations and
The Genetical Society of Great Britain, Heredity, 74, 569-581. To equate the variance components to their expectations in this manner it is necessary to assume that the variance between lines and between locations is additive (Falconer, 1981; Prout & Barker, 1993) . Body size in Drosophila appears to have only a very small nonadditive genetic component (Robertson, 1957) , thus this assumption appears to be met. This study will not allow the simultaneous estimation of VG. 1/b and Ve, but previous studies on wing length in Drosophila have shown 17b to be small and approximately constant relative to V (i.e. 1/b kVe, where k can be estimated from similar studies of wing length as 0.15 (95 per cent confidence interval is 0.11 to 0.19) (Robertson, 1957; Prout, 1958) ). Given the above assumptions: "Gb is estimated as V10, and 1'
Bootstrapping was used in order to obtain sampling variance on point estimates of variance components, and for subsequent analysis using functions of these variables. For each character and set of adjacent populations, 100 bootstrap replicates of the raw data were performed and five estimates of 'Gb' VGW and Ve were made each using a different set of constants for k to estimate variance components. The level of population subdivision for both allozymes and morphological traits was estimated using Wright's (Crow & Kimura, 1970) . For each estimate of Vqb, VGW and Ve an estimate of was made as V GbI( VGb + 2 X which was subsequently arcsine transformed (F =arcsine f) to make estimates of approximately normal (Sokal & Roif, 1981; Prout & Barker, 1993) . Analysis of variance was carried out on the data created in this manner in order to determine the effect of the choice of constants (x)on the estimate of F1. As x appeared to have little effect on the variation in estimates of F1 relative to other sources of variation, the effect of x was statistically removed from the model, and subsequent analyses carried out on residuals generated in this manner.
In order to test the significance of the deviation of character from allozyme the model Ftk-Js + a.+/31+ a/3+ e,.k was fitted for each morphological trait, where is the effect of molecules (allozyme F) vs. morphology (morphological f3 is the effect of the set of populations compared, and e k is the error within a given treatment based on bootstrap replicates. a/i measures the 'lack of fit' from a model which assumes that the two measures of are proportional. We might expect the main effects of a and ,6to be significant, but if measures of character and morphological F' are proportional to one another over the sets of populations compared (i.e. there is no selection acting on the morphological character) the af3, interaction terms should not be significant.
Al/ozyme electrophoresis and analysis
A rapid method of allozyme analysis using a cellulose acetate electrophoresis system was employed (Hebert & Beaton, 1989) . Details of the staining methods used are given in Singh & Rhomberg (1987b) .
was estimated for each locus and set of adjacent populations as previously described, and arcsine transformed as described above (Singh & Rhomberg, 1 987b) . Errors were placed on estimates of arcsine transformed by resampling the loci 500 times with replacement.
Results
Nonmonotonjc clinal variation
The means and standard deviations of the male flies measured from each location are given in Table 2 . The coefficients of variation for each line based on the raw data (not shown) range from roughly two to five per cent which is consistent with previous studies (Coyne & Beecham, 1987) , although they are much lower in the transformed data set. Data are not presented for 
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Tampa Bay as the orange groves from which these lines were collected had recently been sprayed and as a result too few lines were collected. Female flies showed the same qualitative patterns of variation as the males (not shown) but they were not considered in further analysis because they were not measured for all locations. Table 3 gives the results of an ANOVA on male flies testing the effects of Location and Line within Location for seven morphological characters and the two principal components. For all characters, the effect of Line within Location is significant, and for all characters except face length, the effect of Location is significant. Thus the average differences between locations were significantly different from one another when tested with mean square error between lines within locations. Figure 2 shows the phenotypic trends in three characters and the first principal component over
distance. There appears to be a nonmonotonic trend which is most apparent for wing length and scutellum width, which are highly correlated with general body size, as defined by loadings on the first principal component (data not shown). Although there is a great deal of variation due to Lines within Locations, there is a clear nonmonotonic trend in the mean of many of the characters studied over the dine. That the morphological dine peaked in the middle latitudes, as opposed to the north, stands in marked contrast to other studies of clinal variation. Table 3 shows that for the majority of characters a model including a quadratic term explains significantly more variation in line means than a linear model. The quadratic coefficient for each character is negative in value, implying a peak in the middle latitudes. In most cases the linear term of the quadratic model was not significant. The proportion of variance in location attributable to the quadratic term of a regression on latitude varied from slightly more than the linear term (e.g. scutellum) to two orders of magnitude larger than the linear term (e.g. wing length and wing width). In contrast to previous studies of clinal variation, the quadratic term of the regression was significant and explained a biologically significant proportion of the total variation due to Location. • fEstimates of coefficients Although all effects and interactions are significant, the choice of constants, x' and interactions involving x account for only 4.9 per cent of the total variation in the model. Thus, the effect corresponding to the choice of constants was removed from the model, and subsequent analyses are on the residuals generated in this manner (Sokal & Rolf, 1981) . The interaction between character and comparison is the largest effect, accounting for 50 per cent of the total variation in the model. That is, the pattern of population subdivision between adjacent populations observed in this study is different for each character, and is highly statistically significant. Table 6 gives the estimated allele frequencies of the faster migrating allele at each of the seven allozyme loci examined, and the number of isofemale lines surveyed. Figure 3 , a subset of the data presented in Table 5 8427.19 Cmp is the effect of adjacent populations Compared, x is the effect of the set of constants chosen for the parameters k and F (see text), and Chr is the effect of various morphological Characters examined. All ANOVA was carried out on arcsine transformed data derived from 100 bootstrap replicates of the data set per comparison, character, constant combination (see text). ***indicates significance of F-tests at P <0.001.
that WW and PC 1 have relatively high levels of population structure for the Nashville/Louisville comparison relative to a 'neutral' estimate of population subdivision derived from allozyme frequencies. Table 5 also gives the percentage of variation in the data attributable to the 'populations compared' by 'molecules versus morphology' (afi) interaction effect of an ANOVA. The significance of this interaction effect reflects the lack of proportionality between allozyme and character F, over the pairs of populations compared and is significant for all characters. This term is also biologically relevant as it accounts for 5 (SCUT) to 41 (WW) per cent of the total variation in the data set after removing the main effect of the comparison of allozyme vs. morphological F,, (whose effect is somewhat arbitrary after the removal of choice of constants (x)). In a number of cases the variation attributable to this interaction is about the same size as the variation attributable to the effect of populations compared (e.g. PCi, WL, WW, FW, FL). This implies that for a given set of populations compared the difference between the morphological and allozyme F, can be as large as the average difference between pairs of populations compared within a given trait.
Discussion
The present study examines the extent of clinal variation in seven morphological characters in laboratoryreared Drosophila melanogaster. This study differs from previous studies in that collection sites were carefully chosen to minimize extraneous sources of variation such as season and longitude. In addition, the length of the transect over which the flies were collected was maximized in order to observe variation over much of D. melanogaster's North American distribution. Congruently, the distance between collection sites was approximately uniform so that nonmonotonic trends, if present, could be observed. In short, a transect was sampled which was comparable to that of Coyne & Beecham (1987) , but further inland so that the two transects are independent. The above sampling scheme allows an in-depth study of the nature of clinal variation, and, indirectly, adaptation in D. melanogaster.
Nonmonotonic cl/na! variation
Extensive studies on both dispersal rates Coyne & Milstead, 1987) and levels of genetic differentiation at molecular marker loci (see reviews by: David & Capy, 1988; Singh, 1989; Singh & Long, 1992 ) indicate that migration rates are high among various populations of D. melanogaster within North America. The average absolute number of migrants between any two populations per generation (Nm)
within North America has been estimated to be between two and six (Singh & Rhomberg, 1987a,b) . Based on the average F,, between adjacent populations, the estimate of Nm between adjacent populations from this study is 9.4. This is consistent with earlier studies, as the average distance between adjacent populations in this study is smaller than the average distance between populations in Singh & 
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The Genetical Society of Great Britain, Heredity, 74, 569-581. . A result of classical population genetics theory is that gene flow much less than that observed here is sufficient to prevent genetic differentiation of local populations in the absence of selection (Wright, 1931) . Thus it appears unlikely that the nonmonotonic dine in morphological characters observed in this study is simply the result of random genetic drift between isolated populations, as gene flow between populations appears to be extensive. Previous studies have also shown genetical distance to be a monotonic function of geographical distance in D. melanogaster (Singh & Rhomberg, 1987b) . The allozyme data of this study confirm this result, as a regression of Nei's genetic distance on geographical distance showed a linearly increasing trend (data not shown). This result implies that the resemblance of northern and southern populations in morphology is probably not due to reestablishment of northern populations by southern populations each year, and that northern populations are probably endemic. Temperature may act directly on the fly's physiology or indirectly on traits such as desiccation resistance in larval flies (Levins, 1969; Coyne et al., 1983) . That temperature is the selective force maintaining an observed dine is supported by selection cage experiments which show a change in the body size of flies reared at different temperatures (Anderson, 1966 (Anderson, , 1973 Powell, 1974) . If temperature is responsible for the maintenance of the observed dine, it is expected that the trend in either yearly temperatures or seasonal temperatures will correspond to the trend observed in the morphological characters. No correspondence suggests that the relationship between temperature and selection on quantitative traits is more complex, or that the characters are responding to a second selective agent. The results of Coyne & Beecham (1987) , who observed a monotonic dine extending as far north as the current study, appear to confirm this hypothesis. Nonetheless, an examination of the trends in temperature (i.e. monthly average daily mean, minimum, maximum, and maximum minus minimum for all three months prior to collection; a three-month average of the above; a three-year average of the same values; and 30-year normals for the same) reported by the nearest weather station to the collection site showed all measures of temperature to be monotonic decreasing from south to north (data not shown but available from the authors). As the above temperature measures are all highly correlated with latitude it was decided not to analyse weather patterns further. The observed weather patterns along the transect west of the Appalachians of this study and the observed nonmonotonic dine suggest that the mechanism responsible for maintaining the dine is not simply temperature. The present study did not observe the same monotonic dines that have been previously reported. This is not surprising when one considers the sampling schemes used in other studies where flies were collected: at irregular intervals (Stalker & Carson, 1947; Sokoloff, 1965) , from too few locations (Hyytia Ct al., 1985) , without regards for longitude or altitude (Stalker & Carson, 1947; Sokoloff, 1965) , and at different times of the year (Stalker & Carson, 1947; Sokoloff, 1965; Hyytia et a!., 1985; Watada et a!., 1986) . Any or all of these factors could have added variation which would tend to obscure a nonnionotonic trend (Stalker & Carson, 1948 , 1949 . The study of Coyne & Beecham (1987) , which sampled flies along the eastern seaboard, and the present study have none of these sampling problems: one shows a monotonic trend, the other a nonmonotonic trend. Figure 4 compares the mean wing length measures (the only comparable character) in laboratory-reared flies in Coyne & Beecham' This study shows considerable differences in the patterns of population subdivision for each morphological character. This implies that not all characters are responding to the same selective forces between different sets of adjacent populations. It is apparent that PC 1 and WW have different patterns of population subdivision from WL and SCUT. The relatively high levels of F, for comparisons involving population 5 (Nashville) could be the result of selection maintaining a large difference in PCi and WW in the face of high levels of gene flow. Comparing levels of F1 between adjacent populations along a dine provides a novel method of detecting selection acting on quantitative traits. The power of this approach comes from the selection of multiple populations which can be compared. This approach has different strengths from retrospective selection analysis, where usually only two populations are compared, and where accurate estimates of the genetic covariance matrix are needed (Lande, 1979) . Unlike retrospective selection analysis, estimates of the actual selection coefficients on a given character are not measured, and hence our method is a qualitative one. But, as the errors on selection coefficients estimated by retrospective selection analysis are large, their interpretation is often considered to be qualitative at best.
Estimates proportional to that for allozymes it is difficult to detect selection acting elsewhere in the dine. Thus it appears that this technique is limited by the large errors implicit in the estimation of F'1.
It is possible that the allozymes of this study are not actually neutral markers, and that their spatial variation is the result of selective forces (Berry & Kreitman, 1993) . This is particularly true for allozymes which have shown dines in previous studies and this study (i.e. Adh, Gópd, 6Pgd) (Singh & Rhomberg, 1987b) . If this is indeed the case then truly neutral data, from silent sites for example, would be desirable in future studies. Nonetheless, it is possible that the behaviour of selected loci, if selection is weak and adjacent populations have high levels of gene flow between them, will approach that of the neutral case. If the pattern of F51 for allozyme loci between adjacent populations is largely the result of selective forces, then one could still infer selection acting along the dine. In this situation, one would conclude that the selective forces maintaining the cime act differently on allozymes and morphological characters.
The results of this paper show that in nature two populations can experience considerable gene flow between them yet still be different for a quantitative trait. A second important result is that not all characters are responding in the same manner to natural selection acting to differentiate two populations. In particular, patterns of population subdivision for a neutral marker differ from those for morphological characters. Such differences are not expected if the morphological characters are neutral. Further experimental and theoretical work is needed in order to determine what proportion of genetic variation is maintained by spatial variation in the selective forces governing quantitative traits, how much selection is needed to maintain phenotypic differences in spite of high migration, and how robust such models are to the genetical assumptions underlying quantitative traits.
Specifically, it is important to determine if spatial variation in phenotypic optima coupled with high migration is a viable alternative to mutation-selection balance for maintaining variation in nature (Barton & Turelli, 1989) . Additional refinements in the statistical techniques used to relate morphological to molecular F51 may also increase the power of this method.
